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Female zebraﬁsh have a proliﬁc reproductive capacity, suggesting that a germline stem cell (GSC)
population drives oocyte production. However, a zebraﬁsh female GSC population has yet to be
identiﬁed. Adult stem cells are deﬁned by their ability to both self-renew and differentiate, and by their
localization to a stem cell niche. We show here that mitotic and early meiotic germ cells are present in
the adult ovary and that the zebraﬁsh homolog of the conserved vertebrate GSC marker, nanos2, is
expressed in a subset of pre-meiotic oogonia in the adult gonad. We propose that these nanos2þ cells
are GSCs. Importantly, we ﬁnd that mitotic, nanos2þ , and early meiotic germ cells localize to the
germinal zone, thus identifying this region as the probable ovarian GSC niche in zebraﬁsh. nanos3,
which encodes a conserved RNA-binding protein, is known to be required for the continued production
of oocytes in the zebraﬁsh. Although mammalian homologs of nanos3 are expressed in early
spermatogonia, no study has deﬁned the role of nanos3 in the regulation of vertebrate GSCs. Here we
demonstrate that nanos3 function is required for the maintenance of GSCs, but not for their
speciﬁcation, and propose that nanos2 and nanos3 are partially redundant in this role.
Published by Elsevier Inc.Introduction
Stem cells are specialized cells that undergo rounds of division to
both self-renew and to produce differentiated progeny, and are vital
for embryonic development as well as tissue homeostasis in adults.
Adult stem cells require a speciﬁc microenvironment called the
niche, which produces external cues that control proliferation and
differentiation. In addition, cell intrinsic factors are also important
for regulating stem cell behavior (Xie, 2008; Yuan and Yamashita,
2010). Historically, the germline has been an especially amenable
model system to study adult stem cell biology. The germline stem
cell (GSC) is a unipotent stem cell, as it gives rise to only one
differentiated cell type, oocyte or sperm, and often resides in an
easily identiﬁable niche (Xie, 2008; Yuan and Yamashita, 2010).
While the highly organized structure of the Drosophila female GSC
niche has provided us a detailed molecular understanding of the
invertebrate stem cell niche (Xie and Spradling, 2000), the regula-
tion of vertebrate GSCs is less well understood.
The zebraﬁsh ovary is an experimentally accessible vertebrate
model of female germline development. By approximately 25
days post-fertilization (dpf), when sex has been determined, the
juvenile zebraﬁsh ovary contains a heterogeneous population ofInc.
eer),early stage (o20 mm) germ cells, consisting of mitotically divid-
ing oogonia and cells that are actively entering meiosis (stage Ia
ooctyes), as well as stage Ib oocytes that have recruited somatic
follicle cells (Leu and Draper, 2010; Selman et al., 1993). In
zebraﬁsh, as in most animals, pre-meiotic oogonia undergo
rounds of mitosis with incomplete cytokinesis to form cysts of
cells that remain connected by cytoplasmic bridges (Marlow and
Mullins, 2008). As a result, cells within these cysts, called
cystoblasts, have synchronized cell cycles and developmental
progression (Pepling and Spradling, 1998). Because o20 mm
germ cell population and all later stages of oogenesis are main-
tained in the adult ovary throughout the lifetime of the ﬁsh
(Selman et al., 1993), a reasonable hypothesis is that GSCs drive
oocyte production. Consistent with this, pre-meiotic germ cells
isolated from an adult ovary and transplanted into a male host
can become spermatogonial stem cells capable of producing
functional sperm (Wong et al., 2011). This result provides strong
evidence that the ovarian pre-meiotic germ cell population
contains sexually plastic GSCs. Finally, linage tracing experiments
have deﬁnitively demonstrated the presence of GSCs in the adult
ovary of another teleost ﬁsh, the distantly related medaka
(Nakamura et al., 2010).
Many of the cell intrinsic factors important for regulating GSC
development are evolutionarily conserved. In particular, the
functionally conserved family of nanos genes play important roles
in the maintenance of GSCs in both vertebrate and invertebrate
organisms (Forbes and Lehmann, 1998; Sada et al., 2009). nanos
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translation (Kadyrova et al., 2007; Lai et al., 2011; Suzuki et al.,
2010). In Drosophila, nanos is required for the maintenance of
female GSCs and therefore the continuous production of oocytes in
adults (Forbes and Lehmann, 1998). Similarly, conditional knock-
out of mouse Nanos2 leads to the loss of spermatogonial stem cells
in the adult testis (Sada et al., 2009). Moreover, overexpression of
nanos in the female Drosophila germline or Nanos2 in the mouse
testis is sufﬁcient to lock early germ cells into a stem cell fate
(Sada et al., 2009; Wang and Lin, 2004). In addition to nanos2,
vertebrates have an additional nanos homolog that is expressed in
germ cells, nanos3, though its function is less well understood. In
mice, Nanos3 is expressed in adult GSCs, but its role in GSC
regulation has not been determined. A null mutation in the
zebraﬁsh homolog of nanos3 (formerly nanos1) has been described
(Draper et al., 2007). In contrast to wild-type ovaries, which
contain both mitotic and meiotic germ cells, juvenile nanos3
mutant ovaries contain only meiotic germ cells, and no oocytes
are present in these ovaries after 5 months of age. Thus, nanos3 is
likely involved in female GSC maintenance. However, GSCs have
so far not been identiﬁed in the zebraﬁsh ovary.
Here we show that the adult zebraﬁsh ovary contains both
mitotic germ cells and cells that are actively entering meiosis, two
observations that strongly argue oocyte production in zebraﬁsh is a
stem cell-driven process. Furthermore, we have identiﬁed the gene
encoding the zebraﬁsh nanos2 ortholog and show that, consistent
with its conservation as a GSC marker in other vertebrates, nanos2 is
expressed in a small subset of pre-meiotic germ cells in both the
zebraﬁsh ovary and testis. Importantly, we ﬁnd that in adults, all
nanos2-expressing cells, mitotic, and, early meiotic germ cells
localize to a discrete region on the surface of the adult ovary called
the germinal zone, thus deﬁning this region as the probable GSC
niche. Lastly, analysis of nanos2þ cells and early meiotic cells in
nanos3 mutant ovaries indicates that nanos3 plays an essential role
in the maintenance, but not the initial speciﬁcation, of female GSCs.Materials and methods
Fish strains and genotyping
Genotyping of the nanos3(fh49) mutant allele was performed as
in Draper et al (2007). The nos3(fh49) mutant zebraﬁsh strain was
crossed with transgenic Tg(ziwi:eGFP) ﬁsh to produce a line of
nos3(fh49); Tg(ziwi:eGFP) ﬁsh which were used for confocal micro-
scopy, transplantation studies, and in situ hybridization. The Tg(zi-
wi:eGFP) strain was used for BrdU incorporation. Juvenile animals
used for time course analyses were siblings reared simultaneously
and were staged according to days post-fertilization. Zebraﬁsh were
maintained according to Westerﬁeld (2000).
Phylogenetic analysis and sequence alignment
Sequence alignments and conserved domain identiﬁcation
were performed using Block Maker (Henikoff et al., 1995).
Average distance phylogenetic tree was calculated using BLO-
SUM62 in Jalview v2.0 (Waterhouse et al., 2009), and tree was
edited in FigTree v1.3.1 (Rambaut, 2010). Protein sequences of
nanos homologs included in the analysis are listed in
Supplementary Table 1.
Immunohistochemistry and microscopy
Fish were euthanized with an overdose of Tricane (Sigma) and
then immersed in ice water for 10 min. Fish were then decapi-
tated and slit open along the ventral midline before ﬁxation in 4%paraformaldehyde/1X PBS at 4 1C overnight. Gonads were dis-
sected following 45 min washes in PBSþ0.05% Triton (PBST).
Prior to anti-Vasa staining (Knaut et al., 2000), ovaries were made
permeable by placing them in room temperature acetone and then
incubated at 20 1C for 7min, followed by 315min washes in
PBST. For anti-PH3 (Millipore) and anti-cH2AX staining (Sidi et al.,
2008), whole ﬁxed ovaries were permeabilized in 10 mg/mL Protei-
nase K (Sigma) for 15 min, followed by a 20min incubation in 4%
paraformaldehyde/1X PBS and 45min PBST washes. Ovaries were
then blocked for 1 h at room temperature in antibody blocking
solution (PBSTþ2% NGSþ2mg/mL BSA) and then placed in anti-
sera (anti-Vasa, 1:2000; anti-PH3, 1:100; anti- cH2AX, 1:1000) in
blocking solution overnight at 4 1C. Ovaries were then washed
415minþ230min in PBST and blocked in antibody blocking
solution for 2 h at room temperature before overnight incubation in
anti-rabbit-Alexa594 (1:500, Invitrogen), anti-rabbit-Alexa488 (1:500,
Invitrogen), or anti-rabbit-HRP (1:250, Dako) in antibody blocking
solution at 4 1C. Finally, ovaries were washed 415min, then
230min in PBST, then dehydrated in glycerolþ2 mg/mL DAPI and
whole-mounted in 70% glycerolþDAPI. Confocal images were col-
lected with an Olympus FV1000 confocal microscope with a 60X oil
objective. DIC microscopy was performed with a Zeiss Axiophot
microscope with 10X and 40X objectives and images were collected
with a Leica DFC500 digital camera.
In situ hybridization
vasa probe was produced as previously (Yoon et al., 1997).
DNA templates for dmc1 (GenBank: BC163218.1), sycp3 (Ozaki
et al., 2011), and nanos2 (sequence has been submitted to
GenBank) were prepared as follows: 40 dpf ovary cDNA was
prepared from TriReagent (Ambion) puriﬁed total RNA using the
RETROscript kit (Ambion) according to manufacturers protocol.
Probe templates were then ampliﬁed using the following primer
sequences: dmc1 (fwd: AAGAGGAGTCGGGATACCAAGATGA, rev:
TCTTCGTTAGCTTGCATTTAACCAT); sycp3 (fwd: GGAAAGAAGATT-
CAGTCCACACTGC, rev: AGTCACGTCAGAAAGACATGTTCAGA); nos2
(fwd: CATGGGCAAAACACACCTAAAACA, rev: GAAGCTGCAGACCT-
GGAAACAAAT). PCR products were then cloned into pCRII (Invi-
trogen). Probe synthesis and in situ hybridization was performed
on dissected whole ovaries as described in Draper et al. (2007).
BrdU incorporation
Five month old adult females were incubated in ﬁsh water
containing 200 mM 5-Bromo-20-deoxyuridine (BrdU, Sigma) for
24 h. Following labeling, ﬁsh were euthanized and ﬁxed in 4%
paraformaldehyde in 1X PBS overnight at 4 1C. After 35 min
washes in 1X PBS, ovaries were dissected out of ﬁsh and washed
35 min in 1X PBS. Ovaries were then permeabilized by ﬁrst
incubating overnight in methanol at 20 1C, then by proteinase K
digestion (10 mg/ml in 1X PBS containing 1% Tween-20) for
10 min, followed by ﬁxation in 4% paraformaldehyde/1X PBS for
20 min. To denature DNA, ovaries were next washed 35 min in
distilled water, followed by incubation for 2 h in 1 N HCl at room
temperature. Ovaries were then washed 310 min in 1X PBS.
Prior to addition of antibodies, ovaries were incubated for 1 h in
antibody blocking solution (PBT containing 10% normal goat
serum). Ovaries were then incubated overnight at 4 1C in 11
antiserum diluted in PBT (1:100 Mouse Anti-BrdU, clone BU-33
(Sigma), and 1:2000 rabbit anti-Vasa (Knaut et al., 2000)). Ovaries
were next washed 615 min, and then incubated in 21 antibo-
dies diluted in antibody blocking solution overnight at 4 1C (1:500
each Alexa Fluor 594-lableld goat-anti mouse and Alexa
Fluor 488-labled goat-anti rabbit (Invitrogen)). Ovaries were
then washed 615 min in PBT. Prior to analysis by confocal
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30% Glycerol/70% PBT, 50% glycerol/50% PBT, 75% glycerol/25%
PBT, each containing 2 mg/ml DAPI to stain DNA.
Generation of germline chimeras
Chimeric zebraﬁsh were generated essentially as in Ciruna et al.
(2002). Brieﬂy, host embryos were collected from a nanos3þ / 
nanos3 / cross or a nAB cross, and donor embryos were collected
from a nanos3þ /; Tg(ziwi:eGFP) X nanos3 /; Tg(ziwi:eGFP) cross.
Donor embryos were injected at the one-cell stage with 5 pl of 0.5%
rhodamine-dextran in 20mM KCl. All embryos were then incubated
in ﬁsh water at either 25 1C or 28.5 1C until the sphere stage, when
they were dechorionated in agarose coated dishes using 5mg/ml
pronase (Sigma) in 1X embryo media (Westerﬁeld, 2000). Embryos
were then transferred to agarose wells in 1X embryo media using a
ﬂame-polished pipet, where 20–50 cells from themargin of the donor
blastodisc were transferred into the animal pole of the host embryo
using an oil-controlled glass needle. At 24 hpf, host embryos were
sorted for localization of rhodamine-dextran donor cells primarily to
anterior structures. Donor embryos were genotyped at 48 hpf, and
host ﬁsh were genotyped at about 40 dpf, as previously described
(Draper et al., 2007). Hosts were then sacriﬁced and ﬁxed as above at
60 dpf. Low magniﬁcation images of endogenous eGFP ﬂuorescence
were collected with a Leica 16MZF stereomicroscope equipped with a
Leica DFC500 digital camera prior to anti-Vasa immunohistochem-
istry (preformed as above).
Quantiﬁcation of juvenile ovaries
In situ hybridization was performed as above on whole ﬁxed
juvenile ovaries. Individual nanos2þ cells or sycp3þ cysts were
counted in each ovary in three dimensions using a Zeiss Axioplot
microscope with a 40X objective. Statistical signiﬁcance was
determined using the Student’s t-test.Results
The o20 mm cell population contains mitotically active and
differentiating germ cells
If oocyte production in zebraﬁsh is a stem cell-driven process,
then genes expressed in both mitotically proliferative and early
meiotic germ cells should be detected during juvenile and adult
stages. Mitotic and early meiotic germ cells have been identiﬁed
in juvenile and adult zebraﬁsh ovaries based on DNA morphology
(Leu and Draper, 2010). To conﬁrm the presence of germ cells that
are actively entering meiosis in adult ovaries, we determined the
expression patterns of homologs of the early meiotic entry genes
dmc1 and sycp3, by in situ hybridization. dmc1 encodes a meiosis-
speciﬁc RecA homolog that localizes to double-strand DNA breaks
during recombination of homologous chromosomes during early
meiosis (Yoshida et al., 1998), and sycp3 encodes a component of
the synaptonemal complex required for synapsis of homologous
chromosomes during early meiotic prophase (Lammers et al.,
1994). Thus, expression of dmc1 and sycp3 can be used as markers
of meiotic entry (Mahadevaiah et al., 2001). We ﬁnd that in the
adult, both dmc1 and sycp3 are expressed in a subset of o20 mm
germ cells that are located on the surface of the ovary, and that
these cells are found in clusters that are presumably develop-
mentally synchronized germ cell cysts (Fig. 1A and C). To conﬁrm
that dmc1þ cells contain double-stand breaks as would be
expected for cells undergoing meiotic recombination, we co-
stained 5 month post-fertilization (mpf) ovaries for both dmc1
RNA and gH2AX protein, a phosphorylated histone variant thatlocalizes to double-strand breaks (Mahadevaiah et al., 2001). We
found that all dmc1þ cells were also positive for gH2AX (Fig. 1B).
These results conﬁrm that the adult zebraﬁsh ovary contains
germ cells that are actively entering meiosis.
Pre-meiotic germ cells in zebraﬁsh can be identiﬁed in the
o20 mm germ cell population based on their lack of chromatin
condensation and prominent nucleoli (Leu and Draper, 2010). To
conﬁrm the presence of mitotic germ cells, we double-stained
ovaries for phosphorylated histone H3 (PH3) protein, which labels
cells in M-phase, and vasa RNA, which is expressed in all germ
cells (Yoon et al., 1997). In adult ovaries at 5 mpf, PH3þ vasaþ
germ cells were found mostly as clusters of 2–4 cells on the
surface of the ovary (Fig. 1D). In addition, we assayed for
incorporation of the thymidine analog 5-bromo deoxyuridine
(BrdU) to identify cells that are actively replicating their DNA.
In the germline, DNA replication occurs in mitotically dividing
cells, and one ﬁnal round of DNA replication also occurs in germ
cells just entering the meiotic program. Thus BrdU incorporation
is an indication of an active mitotic and/or pre-meiotic cell cycle.
Following exposure to BrdU, BrdUþ Vasaþ o20 mm germ cells
are readily detected at the surface of the adult ovary (Fig. 1E). Our
data therefore indicate that the o20 mm germ cell population in
the adult ovary contains both mitotically dividing and early
meiotic germ cells, as expected if a self-renewing and actively
differentiating stem cell population drives oocyte production.
nanos2 is expressed in a subset of pre-meiotic oogonia
To further conﬁrm the presence of GSCs in the adult zebraﬁsh
ovary, we sought to identify a GSC-speciﬁc marker. In Drosophila,
nanos is expressed in GSCs and is required for their maintenance
(Forbes and Lehmann, 1998). In vertebrates, three nanos homologs
have been identiﬁed (nanos1–3). Whereas orthologs of nanos1 are
primarily expressed in the nervous system, two of these, nanos2
and nanos3, are expressed in the germline. In the mouse testis,
Nanos2 is expressed in Asingle and Apaired spermatogonia, the
earliest stage germ cells in the testis (Suzuki et al., 2009), and
more speciﬁcally is expressed in and required for the maintenance
of spermatogonial stem cells (Sada et al., 2009). In addition, nanos2
has also been conﬁrmed as a marker of GSCs in the teleost medaka
ovary, indicating that it is likely a conserved marker of GSCs in all
vertebrates (Aoki et al., 2009; Nakamura et al, 2010).
In zebraﬁsh, two nanos homologs have previously been identiﬁed,
and based on sequence analysis they are orthologs of mammalian
Nanos1 and Nanos3 (Ko¨prunner et al., 2001) (Fig. 2). We therefore
searched the zebraﬁsh genome for additional nanos genes and
identiﬁed a third nanos homolog (sequence submitted to GenBank).
Phylogenetic analysis using the conserved N-terminal domain and the
53-amino acid zinc-ﬁnger RNA-binding domain shows that this new
zebraﬁsh homolog groups closely with the GSC-speciﬁc mammalian
Nanos2 and medaka nanos2 (Nakamura et al., 2010; Sada et al., 2009)
(Fig. 2). Based on this analysis, we conclude that this gene is the
zebraﬁsh nanos2 homolog. Thus, the zebraﬁsh genome, like that of
other vertebrates, contains three nanos homologs.
We ﬁrst determined the expression pattern of nanos2 in zebraﬁsh.
Unlike nanos3, which is maternally expressed and localizes to
primordial germ cells (PGCs) during the ﬁrst 24 h of development,
we did not detect nanos2 RNA during this period (Ko¨prunner, et al.,
2001; data not shown). Instead, we ﬁrst detect nanos2 expression in
the sexually bi-potential gonad starting at 21 dpf. We found that
while vasa is expressed in all germ cells, nanos2 appears to be
expressed in only a subset of the o20 mm germ cells (compare
Fig. 3A and D). By 35 dpf, a time point after which sex has been
speciﬁed, nanos2 continues to be expressed in a subset of o20 mm
germ cells in the ovary (Fig. 3B). Importantly, nanos2 expression is
maintained in rare o20 mm germ cells in the adult ovary (Fig. 3C).
Ia
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dmc1 γH2AX
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Fig. 1. Mitotic and early meiotic germ cells are present in the adult ovary. (A–D) RNA in situ hybridization and immunohistochemistry shows that dmc1 expressing cells
(blue) are present in the adult ovary (A), and that these cells are also positive for gH2AX protein (brown), which labels cells containing double-strand DNA breaks (B). RNA
in situ hybridization shows that sycp3 expressing cells are present in the adult ovary (C). (D) Mitotic germ cells are present in the adult ovary as vasa RNA positive germ
cells (blue) co-labeled for phosphorylated histone H3 (PH3; brown). (E) BrdUþ Vasaþ o20 mm germ cells are present in the adult ovary. All images are from whole mount
preparations. Scale bars: 50 mm (A–D), 20 mm (E). Stage Ia oocytes (Ia), stage Ib oocytes (Ib) and oogonia (oo).
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triple-labeled 30 dpf ovaries for nanos2 RNA, Vasa protein and DNA.
This analysis indicated that all nanos2þ cells are vasaþ and have DNA
morphology consistent with pre-meiotic cells: distinct nucleoli and a
lack of condensed chromosomes (Fig. 3G and J). The expression of
nanos2 in ovaries therefore differs signiﬁcantly from that of nanos3,
which is only detected in oocytes, but not pre-meiotic germ cells
(however, see below; Draper et al., 2007). Because mutations in
nanos3 do not affect male fertility and nanos3 has not been detected
in testes (Draper et al., 2007), we determined the expression of
nanos2 in males. We found that, similar to ovaries, nanos2 is
expressed in a subset of pre-meiotic spermatogonia in testes (Sup.
Fig. S1). Our ﬁnding that nanos2 is expressed in a subset of pre-
meiotic germ cells in both ovaries and testes, together with its known
expression in GSCs in other organisms, argues strongly that nanos2 is
a marker of GSCs in adult zebraﬁsh.
Mitotic and early-meiotic germ cells localize to the germinal zone in
adult ovaries
One hallmark of adult stem cells is that they reside in a
specialized microenvironment, called the niche, which providessignals that maintain stem cells in a proliferative, but undiffer-
entiated state (Xie, 2008). Stem cells self-renew via mitotic
divisions within the niche and early differentiating progeny of
stem cells are often found in close proximity. For example, in the
Drosophila germarium and the mammalian seminiferous tubules,
GSCs and their early differentiating progeny are located adjacent
to each other (Xie and Spradling, 2000). We have previously noted
that the most immature germ cell population in the zebraﬁsh
ovary, the o20 mm cell population, localizes to a discrete lateral
band that extends around the circumference of the ovary, called
the germinal zone (Draper et al., 2007 and Fig. 4A,B and G). This
speciﬁc localization of early-stage germ cells could be easily
explained if the germinal zone represented the GSC niche. If so,
then we would expect it to contain both mitotically active germ
cells, which would include stem cells and synchronously dividing
cystoblasts, as well as cells that are actively entering meiosis.
Additionally, all nanos2þ cells would be expected to localize to
the germinal zone. Indeed, we ﬁnd that nanos2þ germ cells
(Fig. 4C), PH3þ mitotic germ cells (Fig. 4D), and early meiotic
cells expressing dmc1 and sycp3 (Fig. 4E and F) all localize within
the germinal zone of the adult ovary. These data strongly argue
that the germinal zone is the GSC niche in the zebraﬁsh ovary.
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Fig. 2. Sequence alignment and phylogenetic analysis of nanos homologs. (A and B) The 18 amino acid N-terminal domain and the 53 amino acid CCHC zinc-ﬁnger domains
from 17 mammalian, teleost, and invertebrate protein sequences were selected for alignment and phylogenetic analysis. CLUSTALW alignment reveals that the CCHC zinc-
ﬁnger motif is 100% conserved across phyla (asterisks) (A). Phylogenetic analysis of the conserved N-terminal and zinc-ﬁnger domains reveals that zebraﬁsh nanos2 is most
closely related to teleost and mammalian orthologs of Nanos2 (B).
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o20 mm germ cells
In all organisms examined, nanos genes function cell-
autonomously to maintain GSCs by inhibiting their differentiation
(Sada et al., 2009; Wang and Lin, 2004). In the adult mouse testes,
Nanos2 and Nanos3 have partially overlapping roles in mainte-
nance of the early germline (Suzuki et al., 2007; Suzuki et al.,
2009). In adult males, Nanos2 and Nanos3 are co-expressed in
GSCs and conditional mutation analysis has shown that Nanos2 is
required for their maintenance (Sada et al., 2009). To date, a role
for Nanos3 in the regulation of mouse GSCs has not been
determined. In zebraﬁsh, we have previously shown that loss of
nanos3 function results in the loss of o20 mm germ cells in
ovaries by 35 dpf, and while adult nanos3 mutant females are
initially fertile, they are sterile by 5 mpf (Draper, et al., 2007).
Though a zebraﬁsh nanos2 mutant has not been identiﬁed, the
similarities between the phenotypes of zebraﬁsh nanos3 and
mouse Nanos2 conditional mutants suggest that nanos3 also playsa key role in GSC maintenance. However, in the zebraﬁsh ovary,
we have been unable to detect nanos3 expression in early-stage
germ cells by in situ hybridization, even though nanos homologs
are known to function cell autonomously in GSCs in other
organisms.
We therefore asked if nanos3 function is required cell-
autonomously or non-autonomously in o20 mm germ cells by
utilizing germline genetic mosaic analysis. In zebraﬁsh, primor-
dial germ cells (PGCs) are speciﬁed very early in development and
localize to the margin of the blastodisc (Yoon et al., 1997). It is
therefore possible to isolate germ cells from a donor of one
genotype and transplant them into a host embryo of a different
genotype (Ciruna et al., 2002). To allow donor-derived germ cells
to be identiﬁed in the host gonads, we used donor embryos
obtained from Tg(ziwi:EGFP) transgenic parents, as this transgene
is expressed in all germ cells beginning at 12 dpf (Leu and Draper,
2010). After transplantation, the contribution of EGFPþ germ cells
to the host germline was determined at 60 dpf, a time point at
which most o20 mm germ cells have already disappeared in
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Fig. 3. nanos2 is expressed in a small subset of pre-meiotic oogonia. (A–C) RNA in situ hybridization shows that nanos2 (blue staining in A) is expressed in a subset of
o20 mm germ cells, in comparison to vasa (blue staining in D) that is expressed in all germ cells. While nanos2-expressing cells are initially randomly distributed at 21 dpf
(A), they become restricted to the lateral edges of the ovary by about 35 dpf (B). In adult ovaries, nanos2 continues to be expressed in a subset of o20 mm germ cells (C) as
compared to vasa, which is expressed in all germ cells (F). Arrows in A–C identify single nanos2-expressing cells. (G–J) Fluorescent in situ hybridization for nanos2 mRNA
and immunohistochemistry for Vasa protein (G) conﬁrms that all nanos2-expressing cells (red in G; white in H) are germ cells, as they also express Vasa (green in G; white
in I). Nuclear morphology, as revealed by DAPI staining (blue in G; white in J) indicates that nanos2 is expressed in a subset of pre-meiotic oogonia, which have
characteristic uncondensed chromatin and prominent nucleoi. In G–J, nanos2-expressing cells, nanos2-negative oogonia, and meiotic oocytes, are indicated by ﬁlled
arrowheads, empty arrowheads, and arrows, respectively. All images are from whole mount preparations. Stage Ib oocyte (Ib); Scale bars: 100 mm (A–F), 20 mm (G–J).
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Tg(ziwi:EGFP) germ cells were transplanted into wild-type host
animals (WT-WT), EGFPþ and EGFP- cells contributed equally to
the o20 mm germ cell population (n¼10; Fig. 5A–D). By contrast,
when wild-type Tg(ziwi:EGFP) germ cells were transplanted into
nanos3 mutant hosts (WT-MUT) nearly all o20 mm germ cells
were wild-type donor-derived, with the rare exception that two
nanos3 mutant o20 mm germ cells were observed in one of ﬁve
host ovaries (EGFPþ; n¼5; Fig. 5E–H). Conversely, when nanos3
mutant Tg(ziwi:EGFP) germ cells were transplanted into wild-type
embryos (MUT-WT), donor-derived mutant germ cells (EGFPþ)
were unable to contribute to the o20 mm germ cell population
(n¼5; Fig. 4I–L), but did contribute to later stages of oogenesis.
These data clearly demonstrate that nanos3 is required cell-
autonomously for the maintenance of the o20 mm germ cell
population.
nanos3 is required for the maintenance of nanos2þ germ cells
Our previous study indicated that the o20 mm germ cells are
the ﬁrst cells to be lost from the nanos3 mutant juvenile ovary,
with most lost by 35 dpf (Draper et al., 2007). This suggests that
nanos3 is either required to establish a stem cell pool in the ovary
or to maintain an already established population. To address this,we compared the expression of nanos2 in whole wild-type and
nanos3 mutant juvenile ovaries from 27–37 dpf. In wild-type
ovaries at 27 dpf, the o20 mm germ cells are distributed across
the surface of the ovary, and by 35 dpf begin to be localized to the
lateral edges. At this stage no oocytes have begun to take up yolk
and the ovary is an optically transparent sheet of cells. We were
thus able to count nanos2þ cells in the entire ovary without
further manipulation. At both 27 and 32 dpf, nanos2þ cells are
readily detectable in both wild-type and nanos3 mutant ovaries
(Fig. 6A–D), indicating that nanos3 is not required for the estab-
lishment of the nanos2þ cell population. However, by 37 dpf,
while nanos2þ cells were obviously present in wild-type ovaries,
they were absent from nanos3 mutants (Fig. 6E and F). We next
counted the number of nanos2þ cells in each ovary during this
time period (Fig. 6G). At 27 dpf, the number of nanos2þ cells in
wild-type (19.178.3 s.d., n¼19) and nanos3 mutant ovaries
(15.9710.5 s.d., n¼21) was not signiﬁcantly different. However,
by 32 dpf the numbers of nanos2þ cells in wild-type ovaries
(81.4745.9 s.d., n¼14) was signiﬁcantly increased relative to
that at 27 dpf (po0.0001). In striking contrast, the number of
nanos2þ cells in the nanos3 mutant ovaries at 32 dpf (14.0720.0
s.d., n¼20) was not signiﬁcantly different than that at 27 dpf, but
was signiﬁcantly less than in 32 dpf wild-type ovaries
(po0.0001). Lastly, at 37 dpf, nanos2þ cells were greatly reduced
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Fig. 4. The germinal zone is the (A and B) vasa RNA in situ hybridization demonstrates that the o20 mm germ cell population in 3 mpf adult ovaries localizes to the
germinal zone (dotted line) which is readily identiﬁable at low magniﬁcation (A), and higher magniﬁcation (B). (C) Two color RNA in situ hybridization shows that nanos2-
expressing cells (blue, indicated by arrowheads) co-localize with the vasa-expressing o20 mm cells (red) in the germinal zone. (D) RNA in situ and immunohistochemistry
co-staining reveal that all mitotic germ cells (brown PH3þ and blue vasaþ , indicated by black arrowhead) are located in the germinal zone. White arrowheads indicate
PH3þ vasa- somatic cells. (E and F) dmc1þ cells (blue in E), and sycp3þ cells (blue in F) localize to the germinal zone. Insets in C–F show higher magniﬁcation of boxed
region. All images are from whole mount preparations. (G) Three-dimensional illustration of an adult ovary. o20 mm cells are indicated in purple. A-anterior, P-posterior,
D-dorsal, V-ventral, L-lateral, M-medial and GZ-germinal zone. Scale bars: 100 mm (A, E and F), 50 mm (B–D).
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Fig. 5. nanos3 is required cell-autonomously in the o20 mm germ cell population. (A–L) Genetic germline chimeras were created by transplanting Tg(ziwi:EGFP) donor
germ cells into EGFP-negative hosts, and the contribution of EGFPþ germ cells was analyzed at 60 dpf. (A, E and I) Low magniﬁcation images, where donor derived cells are
green. All others panels are higher magniﬁcation confocal images. (A–D) In controls, wild-type Tg(ziwi:EGFP) germ cells were able to equally contribute to the o20 mm
germ cell population as wild-type host germ cells (WT-WT, n¼10). (E-H) Wild-type Tg(ziwi:EGFP) germ cells are the only o20 mm germ cells detected in a nanos3
mutant host ovary (WT-MUT, n¼5). (I–L) Conversely, nanos3 mutant; Tg(ziwi:EGFP) donor germ cells are not able to contribute to the o20 mm germ cell population in
wild-type host ovaries (MUT-WT, n¼2). B, F and J show merged images of EGFP expressing donor cells (green), Vasa expressing germ cells (red), and DNA (blue). C, G, and
K, show endogenous GFP expression. D, H and L show Vasa protein localization, and inset shows the DNA morphology of DAPI stained cells boxed in main image. All images
are from whole mount preparations. Scale bars: 200 mm (A, E and I), 20 mm (B, F and J). Stage Ia oocytes (Ia), stage Ib oocytes (Ib) and oogonia (oo).
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pared to wild type (22.0724.2 s.d., n¼26). These data show that
nanos3 is required for the maintenance of the nanos2þ germ cell
population in the juvenile ovary.nanos3 is required for the maintenance of sycp3þ cells
In the absence of nanos3, we observe a defect in the ability of
nanos2þcells to increase in numbers. In Drosophila, GSCs are lost
in nanos mutant females by precocious differentiation (Wang and
Lin, 2004) and similarly in mice, Nanos2 is thought to prevent
differentiation by directly interacting with and down-regulating
transcripts required for meiotic entry and progression, such as
Sycp3 and Dazl (Barrios et al., 2010; Suzuki et al., 2010). Our
observation that nanos2þ GSCs are not maintained in nanos3
mutant ovaries could thus result from nanos3 mutant GSCs
favoring differentiation over self-renewal. Alternatively, nanos3
mutant GSCs could be lost by apoptosis, though we have not
detected an increase in apoptotic cells in nanos3mutant ovaries at
the time that nanos2þ cells are lost relative to wild-type ovaries
(data not shown). We therefore determined the number of germ
cell cysts entering meiosis in the ovaries of wild type and nanos3
mutants at 27 and 32 dpf by assaying for the expression of sycp3
(Fig. 6H–L). At 27 dpf, nanos3 mutant ovaries contained nearly
one half the number of sycp3þ cysts as did wild type (4.9 þ- 5.7,
s.d. n¼30 and 11.4 þ- 5.7, s.d. n¼24, respectively; p¼0.0001). By
32 dpf sycp3þ cysts were mostly absent from the ovaries of
nanos3 mutants (0.5 þ- 0.9, s.d. n¼23), but not wild type (14.7
þ- 11.1, s.d. n¼27, po0.0001). These data argue that a functional
GSC population is absent in nanos3 mutants due to their pre-
mature differentiation. However, surprisingly, most sycp3þ cysts
appear to be lost from the ovary prior to the loss of all nanos2þ
cells (compare Fig. 6D and K). Therefore, as discussed below, wepredict that nanos2 and nanos3 may have partially redundant
functions in the maintenance of GSCs in the zebraﬁsh ovary.Discussion
Female zebraﬁsh are famously fecund, capable of producing
hundreds of eggs on a weekly basis throughout their lifetime. An
explanation for this ability is that a population of GSCs in the
adult ovary continuously produces oocytes. Here we have pro-
vided three lines of evidence that GSCs are present in the adult
ovary. We have shown that the adult ovary contains a population
of o20 mm germ cells that are composed of (1) mitotic cells, (2) a
subset of pre-meiotic cells that express the conserved GSC marker
nanos2, and (3) cells that are actively entering meiosis. Signiﬁ-
cantly, we have also shown that these three cell populations co-
localize to a discrete region on the surface of the ovary, the
germinal zone, suggesting that the germinal zone functions as the
GSC niche. We therefore conclude that zebraﬁsh oogenesis is a
stem cell-driven process. In addition, we determine for the ﬁrst
time a role for the conserved nanos3 gene in the regulation of
adult germ cells, demonstrating that nanos3 functions cell auton-
omously to maintain the o20 mm cell population. As all germ
cells are lost from the young adult zebraﬁsh ovary (Draper et al.,
2007), including cells expressing the conserved GSC gene nanos2,
we propose that nanos3 is speciﬁcally required to maintain GSCs.
Given the conservation of nanos3, it is likely that nanos3 orthologs
in other animals are similarly required for GSC maintenance.
Adult tissue-speciﬁc stem cells are notoriously difﬁcult to
identify as they are a very small minority of the total cell
population within a tissue, and genes that are truly stem cell-
speciﬁc have rarely been identiﬁed. In this regard, Nanos2 is an
exception, as its expression is limited to only GSCs in both mice
and medaka (Sada et al., 2009; Nakamura et al., 2010). While
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Fig. 6. nanos2þ and sycp3þ cells are not maintained in nanos3 mutant juvenile ovaries. (A–G) Analysis of nanos2-expressing cells by in situ hybridization in wild-type and
nanos3 mutant 27–37 dpf ovaries. nanos2þ cells are easily detected in wild-type and mutant ovaries at 27 dpf. (A and B). At 32 dpf, nanos2þ cells are easily detectable in
both wild-type and mutant ovaries, but are more abundant in wild-type (C-D). However, by 37 dpf nanos2þ cells are not detected in mutants, but are present in wild-type
ovaries (E and F) Arrowheads identify representative nanos2-expressing cells in A–E. (G) Quantiﬁcation of nanos2þ cells per ovary in wild-type and mutant ovaries. (H–L)
Analysis of sycp3 expressing germ cell cysts by in situ hybridization in wild-type and mutant ovaries from 27–37 dpf. Actively differentiating sycp3 expressing germ cell
cysts are present in both wild-type and mutant tissue at 27 dpf (H and I). By 32 dpf sycp3þ cysts cannot be detected in mutant ovaries (J and K). Arrowheads identify
representative sycp3 expressing germ cell cysts (blue) in H–J, while an asterisk in I identiﬁes a representative melanocyte pigment cell (black). (L) Quantiﬁcation of sycp3þ
cysts per ovary in wild-type and mutant ovaries. All images are from whole mount preparations. Scale bars: 50 mm. p-values indicate statistically signiﬁcant differences.
R.L. Beer, B.W. Draper / Developmental Biology 374 (2013) 308–318316mutational analysis has so far only conﬁrmed a role for Nanos2 in
GSC maintenance in mice (Sada et al., 2009), this function is likely
conserved in vertebrates. In this present study we have identiﬁed
the zebraﬁsh homolog of nanos2 and have shown that it is
expressed in a small subset of pre-meiotic germ cells in adults.
As reported previously for medaka, zebraﬁsh nanos2 expression is
not restricted to males, as in mice, but is instead expressed in cells
that have GSC characteristics in both male and female gonads.Based on these results, nanos2 is very likely a GSC-speciﬁc gene in
zebraﬁsh. However, genetic lineage tracing analysis will be neces-
sary to conﬁrm that nanos2-expressing cells are indeed GSCs.
We had noted previously that the earliest stages of germ cells
in the zebraﬁsh ovary localize to a discrete lateral band that runs
parallel to the anterior-posterior axis, called the germinal zone,
and suggested that it may be the GSC niche (Draper et al., 2007).
We have extended this observation here by showing that mitotic
R.L. Beer, B.W. Draper / Developmental Biology 374 (2013) 308–318 317germ cells and nanos2þ cells localize to the germinal zone,
consistent with it being the ovarian GSC niche. As we observed
that the earliest differentiating germ cells (i.e. those expressing
dmc1 and sycp3) are located in the same region as mitotic and
nanos2þ cells, we predict that specialized somatic cells create
microenvironments within the germinal zone by providing loca-
lized signals that act to maintain undifferentiated germ cells.
Thus, a detailed analysis of the somatic cell contribution to the
germinal zone will be necessary to more thoroughly deﬁne the
GSC niche.
The germinal zone of the zebraﬁsh ovary is comparable to the
probable GSC niche of other teleosts. The zebraﬁsh germinal zone
is quite similar to that of the distantly related pipeﬁsh, Syngnathus
scovelli, and the seahorse, Hippocampus erectus (Begovac and
Wallace, 1987; Selman et al., 1991). The earliest stage germ cells
in these species localize to a discrete epithelial compartment that
runs parallel to the anterior-posterior axis of the ovary, called the
germinal epithelium. Similar to zebraﬁsh, GSCs in the medaka
ovary localize to the surface of the ovary. In contrast to zebraﬁsh
however, medaka GSCs are distributed across the entire dorsal
surface of the ovary into structures that have been termed
germinal cradles, which each contain 1–2 nanos2þ GSCs and
several stages of differentiating progeny (Nakamura et al., 2010).
Interestingly, when nanos2þ cells ﬁrst appear in the zebraﬁsh
gonad, they are uniformly distributed in the tissue and only
become restricted to the germinal zone around 35 dpf. However,
the mechanism by which GSCs become restricted to the germinal
zone in zebraﬁsh remains to be determined.
We have shown here that, as in other vertebrates, zebraﬁsh have
three nanos orthologs and that nanos2 and nanos3 are expressed in
the germline (Draper et al., 2007). In Drosophila, nanos functions at
two distinct points during development of the germline. First,
maternally provided nanos localizes to PGCs where it inhibits cell
division and apoptosis (Deshpande et al., 1999; Kobayashi et al.,
1996). Second, in adults, Nanos is expressed in female GSCs were it
prevents their differentiation (Forbes and Lehman, 1998; Wang and
Lin, 2004). In both zebraﬁsh and medaka, maternally expressed
nanos3 localizes to PGCs (Ko¨prunner et al., 2001; Herpin et al.,
2007) and mutational analysis in zebraﬁsh has shown that, similar
to Drosophila, it is required for survival of PGCs during their
migration to the gonad (Ko¨prunner et al., 2001; Draper et al.,
2007). In mice, both Nanos2 and Nanos3 are expressed zygotically in
PGCs, though with some sex-speciﬁc differences (Tsuda et al.,
2003). Speciﬁcally, Nanos3 is expressed in PGCs during their
migration to the somatic gonad in both male and females, and
mutational analysis has demonstrated it functions there to suppress
apoptosis (Suzuki et al., 2008). By contrast, mouse Nanos2 is only
expressed in male PGCs where it inhibits their differentiation by
preventing meiotic entry (Suzuki et al., 2007).
As in Drosophila, vertebrate Nanos orthologs also play key
roles in maintaining GSCs in adults. In both mice and medaka,
lineage analysis has shown that Nanos2 expression is restricted to
GSCs, and conditional gene knock-outs in mice have shown that it
functions to prevent their entry into meiosis, as it does in
embryonic PGCs. In contrast to mice, were GSCs are only present
in adult males, in medaka nanos2-expressing GSCs are present in
both adult males and females (Aoki et al., 2009; Nakamura et al.,
2010). Similarly, we have shown here that nanos2 in zebraﬁsh is
expressed in a subset of pre-meiotic germ cells in both male and
females. Based on the highly conserved function of nanos2 in
other vertebrates, it is likely that it plays a similar role in GSC
maintenance in zebraﬁsh. However, establishing the function of
zebraﬁsh nanos2 in GSCs will require both lineage tracing and
mutational analysis.
In contrast to the better-understood role of Nanos2 in adult
vertebrates, the role of Nanos3 in the speciﬁc regulation of adultGSCs has remained unresolved. In mice, Nanos3 is more broadly
expressed in pre-meiotic germ cells than Nanos2, which appears to
be GSC speciﬁc. In both medaka and zebraﬁsh, nanos3 expression is
female speciﬁc, but only detectable in oocytes, not pre-meiotic germ
cells. Despite this, nanos3 mutants have a phenotype that strongly
suggests it has a speciﬁc role in GSC maintenance (Draper et al.,
2007). Our genetic mosaic analysis presented here resolves this
paradox by establishing that nanos3 is indeed required cell auton-
omously for GSC maintenance. We therefore conclude that, like
Nanos2 in mice, nanos3 directly regulates GSCs in zebraﬁsh. Thus, all
available data argues that in vertebrates, nanos2 and nanos3 were
derived from the duplication of an ancestral gene prior to the split
between the ray ﬁnned and tetrapod lineage, and that their
subfunctions have been largely conserved between lineages.
Our results argue that nanos3 is not required for the initial
speciﬁcation of GSCs in zebraﬁsh females as nanos2þ cells are
present in early juvenile stage ovaries. That these cells persist for
several days, though at reduced numbers when compared to wild
type, suggest that nanos2 and nanos3 play partially redundant
roles in maintaining female GSCs. A similar conclusion for these
genes in mice has previously been made (Suzuki et al., 2007). This
is in contrast to early meiotic cells, which are mostly absent from
nanos3 mutant ovaries by 32 dpf. This result may be explained by
the possibility that the GSC population in the ovary is a hetero-
geneous stem cell pool, as are stem cell populations in many other
systems (Barker et al., 2007; Li and Clevers, 2010; Sangiorgi and
Capecchi, 2008; Tian et al., 2011). Speciﬁcally in the germline,
label retaining assays have suggested that the GSC population in
the medaka ovary contains both slow- and fast-cycling GSCs and
that nanos2 appears to be speciﬁcally expressed in the slow-
cycling population (Nakamura et al., 2010). In the mouse testis,
both Nanos2þ and Neurogenin3þ (Ngn3þ) spermatogonia have
the potential to self-renew, but Ngn3þ cells normally act as a
shorter-lived transit amplifying population of cells, while
Nanos2þ GSCs self-renew and contribute to spermatogenesis
throughout the lifetime of the animal (Nakagawa and
Nabeshima, 2007; Sada et al., 2009). Thus, if the nanos2þ cells
represent a slow-cycling stem cell population, their entry into the
differentiation program may occur at a slower rate, explaining the
above observation. Label retaining studies of nanos2þ cells will
test this possibility.
A thorough understanding of Nanos2 and Nanos3 functions in
maintaining GSCs will also require the identiﬁcation of their
speciﬁc targets. The nanos gene family encodes a group of RNA-
binding proteins, which function as translational repressors
(Curtis et al., 1997). Targets of Nanos homologs down-regulated
in PGCs include CycB (Kadyrova et al., 2007; Lai et al., 2011), the
pro-apoptotic factor hid (Sato et al., 2007), and the endodermal
determinant VegT (Lai et al., 2012). Although the importance of
Nanos homologs in the regulation of the adult germline has been
well established, relatively few targets of Nanos regulation have
been identiﬁed at this developmental stage. Afﬁnity puriﬁcation
of Nanos2-interacting mRNAs from mouse testis revealed that
Nanos2 translationally represses transcripts important for meiotic
entry, including Sycp3, Dazl, and Stra8 (Suzuki et al., 2010).
However, no targets of Nanos3 regulation in the adult germline
of any organism have been identiﬁed.Acknowledgments
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